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ABSTRACT  

The interaction between individual amino acids and the surface of carboxylate-modified 

polystyrene nanoparticles in solution was studied using Saturation-Transfer Difference (STD)-

NMR. Individual amino acids were screened for nanoparticle binding using an STD-NMR 

experiment at a fixed saturation time, and STD buildup curves were measured for those amino 

acids that exhibited significant STD difference signals in the initial screening. The strongest STD 

effects were measured for protons of aromatic side chains, with relatively weaker effects observed 

for protons in long-chain aliphatic and positively-charged side chains.  This indicates that there are 

several modes of binding to these polystyrene nanoparticles: electrostatic attraction between the 

negatively-charged surface of the carboxylate-modified polystyrene nanoparticle and positively-

charged amino acids, hydrophobic effects between long aliphatic side chains and the nanoparticle 

surface, and pi-pi interactions between aromatic amino acids and aromatic groups in styrene. This 

information can be used in future studies to predict and understand interactions between 

nanoparticle surfaces and specific amino acid residues in small peptides and proteins. 
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Interactions between nanoparticle surfaces and biological molecules are relevant to many areas 

of nanomedicine and human health.1-7  A molecular-level understanding of the interactions 

between peptides or proteins and nanoparticle surfaces will be essential to optimizing 

biocompatible coatings for nanoparticles to be used as therapeutic and diagnostic devices,8-10 as 

well as understanding the fate of nanoparticles that enter the body unintentionally.11,12 Since 

hydrophobic residues are typically buried inside a protein’s interior, when a peptide binds to a 

hydrophobic nanoparticle surface, it will presumably change its shape in order to maximize 

favorable hydrophobic interactions with the nanoparticle surface.13 A change in structure can result 

in a change in biological function of the protein,14-17 so having techniques to examine the structure 

of peptides and proteins adsorbed on a nanoparticle surface is crucial. Epitope mapping, or 

identification of the specific amino acid residues that interact with a particular nanoparticle 

surface, is not trivial.15-18 Nuclear Magnetic Resonance (NMR) is the analytical method of choice 

for molecular-level structure determination in most situations.  Large particles such as 

nanoparticles present difficulties in solution-state NMR, due to their slow molecular tumbling and 

resulting short T2 relaxation times and broad peaks. However, several solution-state NMR 

studies19-23 have examined binding between peptides and nanoparticles in situ. Ligand-detected 

NMR techniques, which do not rely on being able to observe the large nanoparticle in solution, are 

especially promising in this field. One such ligand-detected technique is Saturation-Transfer 

Difference (STD)-NMR. 

The STD-NMR method24-27 has been used extensively in the drug delivery field to screen drug 

candidates for binding to a protein receptor.28 The STD experiment has the advantage that large 

receptor proteins, which are too big to be observed in solution-state NMR, can be studied. In 

addition to being a screening technique, the STD-NMR experiment can also be used to determine 
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binding constants29 and for epitope mapping - determining which protons in the ligand are closer 

to the receptor in the bound configuration.25   

An STD-NMR experiment consists of collecting a set of two spectra. The first is a reference 

“off-resonance” spectrum in which saturation is performed by irradiating the sample at a 

frequency that is far from where either the ligand or receptor protons resonate (40 ppm was used 

in the current work). The second spectrum is an “on-resonance” spectrum in which saturation is 

performed at a frequency that is far from the ligand resonances, but in a position in which the 

broad peaks of the receptor protons are expected (12 ppm was used in this work). Ligands that 

interact with the receptor during the saturation time will have some of the saturation transferred 

from the receptor protons to their protons through the nuclear Overhauser effect. This will lead to 

a decrease in the intensity of the NMR signal corresponding to those ligand protons. Ligands that 

do not interact with the receptor will have the same NMR intensity in the on- and off-resonance 

spectra. An STD difference spectrum, obtained by subtracting the on-resonance spectrum from 

the off-resonance spectrum, therefore contains signal from only those ligands that interact with 

the receptor during the saturation time. The degree of interaction can be quantified using the 

STD Effect, which is defined as the STD difference intensity divided by the reference intensity.25 

Previously, we30,31 and others32 have shown that STD-NMR can be used to determine binding 

constants and binding epitopes for small molecules that interact with the surface of organic 

nanoparticles that contain a dipolar-coupled network of proton spins. In the current work, we aim 

to facilitate the eventual study of small peptides binding to nanoparticle surfaces by first 

screening individual amino acids for binding to a negatively-charged polystyrene nanoparticle 

surface.  The polystyrene nanoparticles we use here have been used previously as model 

nanoparticles for studying the protein corona,33 nanoparticles crossing in vitro blood-brain 
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barriers,34 the mechanism of endocytotic uptake of nanoparticles into endothelial cells and 

macrophages,35 and the toxicity of nano-scale plastic in brine shrimp.36 Due to the variety of 

chemical functional groups present in amino acid side chains, we developed insight into different 

possible binding modes for carboxylate-modified polystyrene nanoparticles. 

 

 

Figure 1. STD reference (blue) and difference (red) spectrum for tryptophan in the presence of 

20-nm polystyrene beads. For this experiment, the recycle delay was 12 s. Peak assignments are 

shown corresponding to those labeled on the chemical structure of tryptophan in the inset. * 

indicates ethanol impurity present in the polystyrene bead suspension. 

We first screened all amino acids for interaction with the polystyrene nanoparticle surface using 

a relatively long saturation time of 10 s. An example STD reference spectrum and STD 

difference spectrum are shown for tryptophan in Figure 1. Results of these initial screening 

experiments for all amino acids are listed in Table 1.   
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Table 1. STD Effects at 10 s Saturation Time 

 

When the amino acid contains more than one proton peak, the STD effect for the proton having 

the largest STD effect is listed. The error on these values is estimated to be ± 0.004.  This error 

was estimated by performing five different experiments on the same tryptophan sample, phasing 

each resulting spectrum two ways (manually and automatically), and using three different 

reasonable limits of integration. The standard deviation of the resulting 30 STD values for each 

tryptophan peak was 0.001-0.004. Tyrosine, aspartic acid, and glutamic acid were not tested due 

to their low solubility in unbuffered D2O. A recycle delay of 12 s was used for these experiments. 

 

From the data in Table 1, we can identify trends in the amino acids that bind to the nanoparticle 

surface. Most amino acids do not exhibit significant interactions with the nanoparticle surface, as 

indicated by STD effects of 0.004 or less. These include aliphatic amino acids with short side 

chains (glycine, alanine, and valine), amino acids with polar uncharged groups (serine, threonine, 

asparagine, and glutamine), proline and cysteine.  

Among the amino acids that do exhibit STD effects when interacting with a polystyrene 

nanoparticle surface are amino acids with positively-charged side chains: arginine and lysine. 

This is expected since the carboxylate-modified surface is negatively charged. Leucine, 

isoleucine, and methionine, which have long aliphatic side chains, also exhibit small but 

Amino Acid STD Effect Amino Acid STD Effect

Gly 0.000 Pro 0.003

Ala 0.000 Phe 0.195

Ser 0.001 Trp 0.572

Thr 0.000 Asn -0.001

Cys 0.001 Gln 0.000

Val 0.004 His 0.197

Leu 0.019 Lys 0.017

Ile 0.016 Arg 0.060

Met 0.017
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significant STD effects. The largest STD effects, however, are observed for the aromatic amino 

acids histidine, phenylalanine and tryptophan. Note that tryptophan was studied at a lower 

concentration than the other amino acids due to its low solubility, so the ligand:receptor ratio for 

tryptophan was lower than that of the other samples. This also contributes to the high STD effect 

observed for tryptophan, because a low ligand:receptor ratio allows a greater fraction of ligand 

molecules to interact with the nanoparticle surface during the saturation time. 

Based on these trends, functional groups that are responsible for binding to the nanoparticle 

surface can be identified. The observed STD effects for positively-charged, long aliphatic, and 

aromatic amino acids indicate that there may be several modes of binding to a carboxylate-

modified polystyrene nanoparticle surface.  Positively-charged functional groups are attracted to 

the negatively-charged carboxylate surface, resulting in relatively weak but observable 

interactions.  Long-chain aliphatic amino acids may interact with the polystyrene surface due to 

hydrophobic effects. The last mode of binding likely involves pi-pi interactions between 

aromatic functional groups and the aromatic groups of the polystyrene, leading to strong binding 

between aromatic amino acids and polystyrene nanoparticles.  This is in agreement with previous 

studies of phenylalanine interacting with a polystyrene surface using sum-frequency generation 

(SFG) spectroscopy.37,38 An angle between the phenylalanine aromatic ring and polystyrene 

surface of approximately 70° was found, which is indicative of pi-pi interactions. 

All other things being equal, a larger STD effect indicates stronger binding, but the STD effect is 

influenced by many factors.  These include the saturation time, ligand:receptor ratio, relaxation 

rates of the ligand and receptor protons involved, and on/off binding rate constants.39 Angulo et 

al.29,40 have suggested that the initial slope of the STD buildup curve can be a better measure of 

the relative strength of binding than the STD effect at one particular saturation time, since it 
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alleviates complications due to ligand re-binding as well as differential relaxation of different 

protons during the saturation time. For the eight amino acids with observable STD effects, we 

have measured the STD buildup curves and found the initial slopes by nonlinear least-squares 

fitting.   

The STD buildup curves for the aromatic amino acids, along with the chemical structure of each 

amino acid, are shown in Figure 2. Also shown in Figure 2 are chemical structures of the 

aromatic amino acids with the percent of the largest initial slope of the STD buildup curve listed 

next to each proton. The proton with the largest initial slope (100%) is always located in the 

aromatic part of the side chain, and the initial slopes are generally higher for the aromatic 

protons than the a and b protons for each amino acid. This indicates that the aromatic groups are 

responsible for the interaction with the nanoparticle surface. STD buildup curves for the 

remaining amino acids with a substantial STD effect in the initial screening experiments are 

shown in Figure S1 of the supporting information. For the positively-charged amino acids, the 

proton with the highest initial slope is located near the positive charge in the side chain, 

indicating that electrostatic effects may be responsible for binding in these cases. The initial 

slope of the STD buildup curve for each proton of all amino acids tested, with errors, are also 

listed in the supporting information, in Table S2. 
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Figure 2. STD buildup curves for aromatic amino acids (a) tryptophan, (b) phenylalanine, and (c) 

histidine. Points are experimental STD effects and solid lines represent best fits from nonlinear 

least-squares fitting to the equation 𝑆(𝑡) = 𝑆𝑚𝑎𝑥(1 − 𝑒−𝑘𝑡) where S(t) is the STD effect at a 

saturation time t, Smax is the maximum STD effect, and k is a buildup time constant. Chemical 

structures are shown to the right of each buildup curve and are labeled with proton peak numbering 

scheme. The percent of the largest initial slope of the buildup curve is also listed in blue next to 

each proton on the chemical structure. When a percent value is not listed, it could not be 

determined due to peak overlap. For these experiments, recycle delays of 15 s were used for (b) 

and (c) and 12 s was used for (a). The two diastereotopic b protons were integrated separately, but 

their buildup curves overlap. The percent of the initial slope for the two b protons was averaged. 
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In conclusion, we have identified amino acids that interact with the surface of carboxylate-

modified polystyrene nanoparticles and collected experimental evidence that there may be 

multiple binding modes for amino acids interacting with these nanoparticles. Through STD-

NMR measurements and epitope mapping, we have observed that electrostatic effects can lead to 

relatively weak binding between amino acids with positively-charged side chains and the 

nanoparticle surface.  Long-chain aliphatic amino acids also exhibit relatively weak binding, 

presumably due to hydrophobic effects. Aromatic amino acids exhibit comparatively stronger 

binding to the polystyrene nanoparticle surface, indicative of pi-pi interactions between the 

aromatic side chain of the amino acid and the phenyl rings in polystyrene. This work also further 

validates the use of STD-NMR to study binding between small molecule ligands and organic 

nanoparticles and provides insight into which amino acid residues in a peptide can be expected to 

interact with a nanoparticle surface.    

Experimental Methods 

L-amino acids (with the exception of D-phenylalanine) were purchased from Sigma-Aldrich 

(St Louis, MO) and used without further purification. Carboxylate-modified (CML) polystyrene 

latex spheres (20 nm, 4 % w/v suspension in water) were purchased from ThermoFisher 

Scientific (Waltham, MA, USA). Deuterium oxide (99.8 atom % D, Acros Organics) was 

purchased from Fisher Scientific, Inc. Millipore Milli‐Q purified water was used for samples 

requiring H2O.  

Samples were made by dissolving each amino acid in D2O, followed by addition of the 

polystyrene latex sphere suspension. For control samples, the same volume of H2O was added in 

place of the polystyrene latex suspension.  Samples were transferred to 5 mm OD NMR tubes 
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(Norell, Inc., Morganton, NC) for measurement. No buffer was used, as high salt concentrations 

can cause the beads to flocculate. The final pH of each sample was measured using an accumet 

AB150 pH meter with an accupHast MicroProbe glass body electrode. The final pH of each 

sample is listed in Table S1 of the supporting information. The reported pH values are those read 

directly from the pH meter, and were not corrected for the isotope effect. The final concentration 

of amino acid in all samples was 100 mM, with the exception of tryptophan, lysine, and arginine. 

For tryptophan, a final concentration of 35 mM was used due to the low solubility of tryptophan 

in pure D2O. Lysine, arginine, and histidine samples were adjusted to a pH near 7 by addition of 

dilute HCl, resulting in final concentrations of 75 mM in the lysine sample and 80 mM in the 

arginine sample.  Tyrosine, aspartic acid, and glutamic acid were not studied due to their low 

solubility in un-buffered D2O. The final concentration of polystyrene beads in each sample was 

550 nM. A 1D proton NMR spectrum of polystyrene beads alone is shown in Figure S2 of the 

supporting information.  

All NMR experiments were performed on a 500 MHz Bruker Avance NEO NMR spectrometer 

equipped with a broadband Prodigy® nitrogen-cooled cryoprobe.  The 1H 90° pulse length was 

12.0 s. Saturation-transfer difference experiments were measured using the “stddiffesgp” pulse 

sequence24 which incorporates excitation sculpting41 for water suppression. On-resonance 

saturation was performed at 12.0 ppm and off-resonance saturation was performed at 40 ppm.  

16 scans each (on-resonance and off-resonance) were collected for each experiment. A train of 

50-ms Gaussian pulses at a power of 7.8 mW was used for saturation.  A spectral width of 10 

ppm and an acquisition time of 3 s was used. Recycle delays were 12-15 s as noted in the figure 

and table captions. All experiments were done at 298.0 K. 

ASSOCIATED CONTENT 
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Supporting Information. The following files are available free of charge. 

Final pH of each sample, STD buildup curves for amino acids not listed in Figure 2, initial slope 

of the STD buildup curve with errors for all amino acids, and 1D proton NMR of polystyrene 

beads. (.docx) 
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